Classification and identification of muscle-parasitizing didymozoids found in marine fish is difficult because of their novel parasitism and morphology. Recent sequence analysis has helped, but only seven sequences are available. Therefore, the usefulness of molecular methods for differentiation of muscle-parasitizing didymozoids, as well as genetic differences between the muscle and the other site-parasitizing didymozoids are quite unclear. In the present study, six unidentified didymozoid isolates from the trunk muscles of four marine fish species (Diagramma pictum, Plectorhinchus cinctus, Pagrus major and Cypselurus heterurus) were examined genetically using sequence analysis (18S rDNA, 28S rDNA, ITS-2 and coxI). All isolates were placed phylogenetically as a lineage independent of other site-parasitizing didymozoids at 18S rDNA, ITS-2 and coxI. They were grouped into three distinct lineages. The present and the previous unidentified or identified didymozoids from trunk muscles were found to differ clearly for every host species by sequence analysis, suggesting that muscle-parasitizing didymozoids are host-specific. This report is the first describing the molecular characteristics of muscle-parasitizing didymozoids by sequence analysis targeting the nuclear and mitochondrial DNA loci, which is proposed as a superior method for didymozoid differentiation.
Digenean trematode didymozoids are gonochoristic or hermaphrodites, mostly encysted in pairs, with a wide and species-specific distribution in host tissues such as gills, connective tissues, mucous membranes, peritoneal cavities, or trunk muscles of marine fish (Pozdnyakov and Gibson 2008) . Morphological observations remain the gold standard method for the identification of didymozoids. However, this method is sometimes not applicable for morphologically similar or damaged parasites. Didymozoids found in the trunk muscles of marine fish are almost always damaged because they are usually found after being sliced (Nakajima et al. 1974; Momoyama and Tensha 2006; Pascual et al. 2006; Yagi et al. 2007; Okamoto 2011) . In addition, the body is thread-like: extremely long and narrow (e.g. more than 1.5 m long and about 0.3-mm-wide, as found for a female worm in Gonapodasmius okushimai), and tangled in a cyst (Ishii 1935) . Therefore, in muscle-parasitizing didymozoids, it is difficult to collect non-damaged worms and observe their adhesive, digestive, or reproductive organs as key points for morphological identification. Moreover, muscle-parasitizing didymozoids cannot be found easily as compared with the other site parasitizing didymozoids because of their novel parasitism. For that reason, to the best of our knowledge, only three species (Gonapodasmius okushimai, G. williamsoni and Didymozoon scombri) (Ishii 1935; Cribb and Williams 1992; Olson et al. 2003) have been identified to date among muscle-parasitizing didymozoids with the other six remaining unidentified (Olson et al. 2003; Momoyama and Tensha 2006; Pascual et al. 2006; Yagi et al. 2007; Okamoto 2011) . Molecular approaches such as nucleotide sequence similarity search and phylogenetic analy-sis are helpful tools in terms of finding the closest-related parasites for samples for which we are unable to identify or infer the species morphologically because of damage to the worms (Abe 2011; Abe et al. 2011) . Recently, sequence analysis has been applied to characterize some didymozoids (Olson et al. 2003; Mladineo et al. 2010) . Currently, only seven nucleotide sequences from three unidentified and one identified muscleparasitizing didymozoids (Olson et al. 2003; Pascual et al. 2006; Yagi et al. 2007 ) have been entered into the International Nucleotide Sequence Database (INSD, GenBank/ DDBJ/EMBL). Therefore, genetic differences among the muscle-parasitizing didymozoids from different fish species, as well as phylogenetic relations between the muscle and the other site-parasitizing didymozoids have been revealed to only a slight degree, in contrast to those of other didymozoids in organs such as gills, nerves, mucous membranes of the esophagus, and found on the body surface (Olson et al. 2003; Mladineo et al. 2010) . Herein, six unidentified didymozoids found in the trunk muscles of four marine fish species (Diagramma pictum, Plectorhinchus cinctus, Pagrus major and Cypselurus heterurus) were analyzed genetically to differentiate among muscle-parasitizing didymozoids and to examine phylogenetical relations among studied didymozoids.
During August 2011-September 2012, wholesalers dealing in marine fish found yellowish or brownish foreign substances in the sliced raw trunk muscles from one Diagramma pictum (Haemulidae) (Fig. 1A) , two Plectorhinchus cinctus (Haemulidae) (Fig. 1B) , two Pagrus major (Sparidae) (Fig.  1C) , and one Cypselurus heterurus (Exocoetidae) (Fig. 1D ). According to the previous reports in Japan (Nakajima et al. 1974; Momoyama and Tensha 2006; Yagi et al. 2007; Okamoto 2011) , we identified five foreign substances (Figs. 1B-1D) other than that from D. pictum (Fig. 1A) as muscleparasitizing didymozoids. The foreign substance from D. pictum was brownish and harder ( Fig. 1A) than those from the other marine fishes.
We inferred these to be degenerated didymozoid because the body ridges resembling didymozoids on its surface and egg-like substances from its ruptured fragment were observed. Origin and isolate code of muscle-parasitizing didymozoids examined in the present study are shown in Table I . Threadlike didymozoids were observed using stereomicroscopy and were subsequently isolated by disposable tapering tweezers. We looked for the anterior and posterior ends of worms for morphological identification, but only one anterior end was found in the sample from P. cinctus . This fragment was fixed in 70% ethanol after being pressed lightly using a cover glass, stained with carmine, cleared in xylene, and mounted for light microscopy, but we were unable to observe the oral sucker, pharynx, and esophagus.
For DNA analysis, one yellowish or brownish fragment from each sample was washed three times using phosphate buffered saline. It was then ruptured using a disposable microtube pestle (Scientific Specialties Service, Inc., MD, USA). Niichiro Abe et al. 356 The DNA was extracted and purified from the ruptured sample using DNeasy Blood and Tissue Kits (Qiagen Inc., Hilden, Germany). The 18S, 28S ribosomal RNA genes (18S rDNA, 28S rDNA), internal transcribed spacer 2 (ITS-2) and the mitochondrial cytochrome oxidase I gene (coxI) were amplified using the primer pairs reported previously (Pascual et al. 2006; Mladineo et al. 2010) . Sequences obtained from the isolates were aligned with available nucleotide sequences of Didymozoidae and their related digenean trematodes using ClustalX2 (http://www.clustal.org/clustal2/) with initial fixed parameter values. Subsequent phylogenetic analyses of these sequences were conducted using maximum likelihood analysis with MEGA 5 (http://www.megasoftware.net/). Distances were calculated using the Tamura-Nei model with complete deletion of missing data. Support for nodes was estimated using bootstrap analysis with 1000 replicates. New nucleotide sequence data reported in this paper are available in INSD under accession numbers AB725627-AB725632, AB745099-AB745112, and AB753488-AB753491.
All isolates showed positive amplification for 18S and 28S rDNAs, ITS-2 and coxI, and its partial nucleotide sequences (504 bp, 366 bp or 368 bp, 163 bp, and 330 bp with 18S rDNA, 28S rDNA, ITS-2, and coxI, respectively) were obtained from all isolates and analyzed phylogenetically with those of the other didymozoids. In isolates DP-280, PC-298, and PC-333, the partial sequences of four regions were mutually identical for every region. Therefore, these isolates were found to be the same species. In addition, the ITS-2 sequences between the present isolates and the previous isolate from P. cinctus in Japan (Yagi et al. 2007 ) (AB326109, Fig. 2C ) were identical, indicating that the previous isolate was of the same species with the present isolate. The partial sequences of four regions from PM-332 and PM-339 were also mutually identical. Therefore, both isolates were also found to be the same species. As shown in Figure 2 , branching patterns among six isolates examined in the present study were the same at 28S rDNA (Fig. 2B ), ITS-2 (Fig. 2C) and coxI (Fig. 2D) , and CH-334 was placed externally to the other five isolates. Therefore, the present six isolates were classified into three distinctive species. According to the classification of the family Didymozoidae (Yamaguti 1958 (Yamaguti , 1971 , only one subfamily, the Gonapodasmiinae, includes gonochoristic and thread-like or nematobothrium-like forms such as the present isolates. In addition, Okushima (1921) and Ishii (1935) described that the didymozoids that are yellowish and whitish are, respectively, females and males. In the present study, yellowish and whitish worms were also collected for every sample, indicating that didymozoids from all marine fishes are gonochoristic form. Therefore, all didymozoids examined in the present study were found to be the Gonapodasmiinae. The Gonapodasmiinae include two genera, Gonapodasmius and Paragonapodasmius, both of which are differentiated by the relative positioning of the testes (Yamaguti 1958) . However, we were unable to identify all isolates at the genus level using morphological criteria because of an unsuccessfully prepared slide. The six didymozoids from four marine fish species examined in the present study were placed as a lineage independent of the other site-parasitizing didymozoids at 18S rDNA ( Fig. 2A) , ITS-2 (Fig. 2C) and coxI (Fig. 2D) . In addition, in the phylogenetic analysis of 18S rDNA ( Fig. 2A) or 28S rDNA (Fig. 2B) , Didymozoon scombri (AJ287500, AY222195, from the muscular tissue in the operculum of Scomber scombrus) (Olson et al. 2003) , Didymozoidae sp. (DQ087251, from the trunk muscle of S. scombrus) (Pascual et al. 2006 ) and Didymozoid sp. 1 (AY222193, from the trunk muscle of Epinephelus cyanopodus) (Olson et al. 2003) were also included in the lineage comprising the present isolates. It is likely that the muscle-parasitizing didymozoids differ phylogenetically from the other site-parasitizing didymozoids, although several didymozoids found in the other site (Didymozoid sp. 3 from body cavity, Didymozoid sp. 2 from gill at 28S rDNA) or in the trunk muscle (Didymozoid sp. 1 at 18S rDNA) were also included in or separated from the lineage comprising the present isolates ( Figs. 2A and  2B ). Further phylogenetic analysis using many didymozoids from the muscle and the other site is necessary to elucidate the phylogenetic relation among them. In the phylogenetic analysis of rDNA and coxI regions, sequence analysis for partial 28S rDNA appears to be useful for differentiation among muscle-parasitizing didymozoids, although the sequence data of ITS-2 and coxI from Didymozoon scombri, Didymozoidae sp. and Didymozoid sp. 1 are unclear. Present and previous unidentified or identified muscle-parasitizing didymozoids were found to differ clearly among host species by sequence analysis, suggesting that muscle-parasitizing didymozoids are host-specific. However, as described above, the didymozoid found in the trunk muscles of D. pictum, of which the classification (Perciformes, Haemulidae), distribution (reef area of shallow sea coast) and food habits (crustaceans, polychaetes and small fish) are the same as those of P. cinctus, was found to be the same species with the present isolates from P. cinctus based on the sequence analysis. This result suggests that the same didymozoid is distributed among the taxonomically and ecologically related fish species. Okushima (1921) first found the didymozoid in the trunk muscle of a Japanese red sea bream (Pagrus major) captured in the Seto Inland Sea off Takahama, Ehime prefecture, Japan. Later it was assigned to new genus and new species, Gonapodasmius okushimai, by Ishii (1935) based on morphological observations of Okushima's samples. However, morphological differences, especially in the size of eggs, are apparent between the descriptions by Okushima (1921) (41.0 × 22.0 µm) and Ishii (1935) (26.0 × 16.0-17.0 µm) . Controversy related to the morphological characteristics has complicated the subsequent identification of G. okushimai-like didymozoids from the Japanese red sea breams captured in different ocean areas in Japan (Nakajima et al. 1974; Momoyama and Tensha 2006; Okamoto 2011) . In the present study, two isolates PM-332 and PM-339 were from P. major which was the same host species with that of G. okushimai. The morphology of eggs in both isolates was the same each other 40.3 × 16.7 µm; 41.8 × 17 .2 µm, n = 30) (Fig. 3) and also close to the original description by Okushima (1921) . Since the sequence data from the isolates that had been examined by Okushima (1921) and Ishii (1935) are not available and the morphology of the present isolates were unclear as described above, we could not compare the present both isolates from P. major with the isolates reported by Okushima (1921) and Ishii (1935) .
We believe that sequence analysis is superior method to the morphotaxonomy of muscle-parasitizing didymozoids in Fig. 3 . The eggs in uterus in PM-332 from P. major using light microscopy with wet mount preparation. Scale bar shows 20 µm Niichiro Abe et al. 358 that the former approach enables us to compare our isolates with precision to the isolates in various regions of the world easily and quickly. However, sequence data from the muscleparasitizing didymozoids, available in the INSD are fewer than those of the other site-parasitizing didymozoids. More sequence deposition of muscle-parasitizing didymozoids is necessary to clarify and elucidate their classification and overcome problems of morphological identification.
